ABSTRACT: High surface area TiO 2 electrodes are extensively used in photocatalytic solar cells. However, it remains controversial how molecular catalysts interact with the TiO 2 surfaces and how the electrodes affect the functionality of catalytic adsorbates. Here, we examine the CO 2 reduction catalyst Re I (dcbpy)(CO) 3 Cl (dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) on TiO 2 by probing spectroscopically isolated carbonyl modes that are highly sensitive to the complex electronic structure and solvation environment. Combining interferometric two-dimensional sum frequency generation spectroscopy and ab initio simulations of the spectra, we find distinct spectroscopic and dynamical properties of catalysts bound to single crystals and nanocrystalline surfaces. Different cross-peak patterns resulting from interferences between elements of the fourth-order susceptibility, along with different vibrational relaxation dynamics, reveal distinct vibrational relaxation pathways of the catalysts on different TiO 2 surfaces that could be engineered for selective catalytic performance.
■ INTRODUCTION
Understanding the interactions of catalytic adsorbates at interfaces is essential for a wide range of emerging technologies, including the development of photocatalytic solar cells for water oxidation 1−6 and revolutionary methods for CO 2 reduction. 7−11 High surface area titanium dioxide (TiO 2 ) materials have attracted great interest in photocatalysis and electrocatalysis applications both as photosensitizers (e.g., in photodegradation of organic compounds and water splitting 12 ) and sacrificial electron acceptor surfaces (e.g., in dye-sensitized solar cells 13 and CO 2 photocatalysis 14 ). However, the efficiency of the catalysts and the reaction pathways are often affected by rearrangements and specific interactions of the molecular adsorbates at TiO 2 interfaces. 14−29 Sometimes, the surfaces enhance catalytic performance because of favorable adsorbate−surface interactions and efficient charge separation, 24 although unfavorable interactions with the surface could be detrimental for catalytic performance. Differences in the binding geometry of molecular catalysts at different surfaces 16 can also increase the number of active sites per unit area, although the net effect on catalytic performance often remains controversial. 26−28 Understanding how catalytic adsorbates interact with different metal oxide surfaces at the molecular level is thus essential for the design of efficient catalytic materials such as thin films, nanorods, and nanosheets with high surface area. 30−38 Rhenium (Re) tricarbonyl complexes are prototypical model complexes that exhibit both electrocatalytic and photocatalytic activity for reduction of CO 2 to CO. 39−42 In recent years, Re catalysts have attracted increasing interest. 9, 43 Studies based on vibrational spectroscopy have exploited the CO stretching modes because they provide a highly sensitive probe of the electronic structure and solvation environment. 44 Transient infrared spectroscopy and two-dimensional infrared (2D IR) spectroscopy have been used to study the ground-and excitedstate dynamics of Re complexes in solution 44−49 as well as interfacial electron-transfer dynamics between Re catalysts and TiO 2 thin films. 29, 50 Vibrational sum frequency generation (SFG) spectroscopy has been applied to determine the average molecular orientation of Re catalysts at interfaces. 51−54 Timeresolved SFG spectroscopy has probed the ultrafast vibrational dynamics of Re complexes on solid surfaces. 55−58 An outstanding challenge is to characterize the distinct arrangement of adsorbates at the molecular level, using spectroscopic techniques with both high frequency and high temporal resolution, as needed to resolve the vibronic couplings and ultrafast relaxation dynamics.
2D vibrational spectroscopy, including 2D IR and 2D SFG spectroscopy, 59 ,60 offers both high spectral and temporal resolution. By spreading the molecular response into two frequency dimensions, these techniques resolve the couplings and correlations between different vibrational modes. 61 Moreover, the high temporal resolution provides dynamical information on the subpicosecond timescale and allows us to elucidate the molecular origin of vibrational relaxation dynamics. 59 Recent improvements in sensitivity have enabled third-order 2D IR 59, 60 and 2D attenuated total reflectance (ATR) IR 62−66 studies to probe molecular species interacting with surfaces, 67−69 although the spectra usually include significant contributions from the bulk solution.
2D SFG spectroscopy offers significant advantages over 2D IR because it is a surface-specific technique. 70 The 2D SFG signal results from a fourth-order response that averages to zero for molecules randomly oriented in the isotropic bulk media. 71 Besides characterization of vibrational frequencies, 2D SFG provides information on homogeneous and heterogeneous broadening as well as vibrational couplings often sensitive to the molecular order and orientation at the interface, making it an ideal tool to study adsorbate−interface interactions. Detailed characterization of the orientation of molecular adsorbates at interfaces can reveal fundamental aspects of vibrational dynamics and characterization of ultrafast relaxation processes. 72, 73 We combine the recently developed interferometric 2D SFG spectroscopy 70, 72, 73 and calculations based on density functional theory (DFT) to examine the distinct binding of Re catalysts on single-crystalline and nanostructured TiO 2 surfaces. We resolve the femtosecond vibrational relaxation dynamics with both high frequency and high temporal resolution. Long acquisition times are enabled by the high stability of data collection achieved by interferometric 2D SFG experiments. 73−75 Distinct interactions between the catalyst and various TiO 2 surfaces are probed and characterized through changes in the carbonyl vibrational bands of the Re tricarbonyl catalyst bound to single-crystal rutile (110), rutile (001), and anatase (101) surfaces. The spectra reveal different vibrational couplings and relaxation timescales for different TiO 2 surfaces, consistent with distinct molecular orientations and arrangements of molecular adsorbates at TiO 2 interfaces.
■ EXPERIMENTAL SECTION
Sample Preparation. Re(4,4′-dicarboxyl-2,2′-bipyridine)-(CO) 3 Cl, abbreviated as Re(CO) 3 throughout this paper (see Figure 1 ), was synthesized according to published procedures. 40, 75 Polished single-crystal rutile (110) and (001) substrates were purchased from MTI Corporation, and anatase (101) was purchased from SurfaceNet GmbH. The substrates were pretreated 76 in basic piranha solution (1:1:2 H 2 O 2 / NH 4 OH/H 2 O) at 80°C for 10 min and rinsed thoroughly with ultrapure water (Millipore Milli-Q, 18.2 MΩ·cm, ≤5 ppb total organic carbon) until neutral pH was achieved. The crystals were sensitized overnight in Re(CO) 3 -saturated ethanol solution, rinsed with excess ethanol, and dried before use.
HD and 2D SFG Experiments. The experimental details for the heterodyne (HD)-detected 73 and 2D SFG 74 have been previously described. Briefly, a Ti:sapphire oscillator (Coherent Micra-5) seeded a Ti:sapphire amplifier (Coherent Legend Elite Duo), which produced 800 nm pulses (5 mJ, 25 fs, 1 kHz). The 800 nm beam was split into three separate beams. One beam contained 0.75 mJ and was spectrally narrowed using Fabry−Perot etalon (TecOptics, Inc.) to create the visible upconversion pulse [792.3, 0.7 nm full width at halfmaximum (fwhm)]. Another beam contained 3 mJ and was used to pump a commercial optical parametric amplifier (Coherent OPerA Solo), which generated tunable mid-IR pulses (1924, 249 cm −1 fwhm). The IR pulses were split into a probe pulse and a pump pulse with a KBr beamsplitter. The pump was further split, interfered in a Mach−Zehnder interferometer, and recombined collinearly. An external local oscillator (LO) was generated spatially before the sample in transmission by focusing the visible and IR beams in a ZnOcoated (150 nm) 0.7 mm thick CaF 2 window. The three beams (visible, IR probe, and SFG LO ) were recollimated with an offaxis parabolic mirror. A delay plate, 2 mm thick SiO 2 , was used to temporally delay the SFG LO beam. The visible (10.4 μJ), IR probe (3.5 μJ), and IR pump pair (2.6 μJ in each arm) were focused on the sample with another off-axis parabolic mirror at 60°, 65°, and 55°with respect to the surface normal in the ppppp polarization combination (polarization of SFG, visible, IR probe, and each IR pump pulse, respectively). The emitted SFG signal was dispersed by a grating and imaged onto a liquid nitrogen-cooled charge-coupled device (CCD) (Princeton Instruments, model 7509-0001, 1340 × 400 pixels). To correct for potential laser fluctuations and sample degradation, the pump was synchronized with an optical chopper which was triggered by the laser (every other pump pulse in one arm of the interferometer was blocked by the chopper). A galvanometric mirror was fed a 500 Hz sine wave and also synchronized with the laser, and it spatially separated the generated SFG field influenced by one pump from the SFG field with two interfering pumps on the CCD. 77 An interferogram was formed in the pump axis, τ 1 , by scanning one pump with respect to the other with a step size of The Journal of Physical Chemistry C Article 2 fs from −100 to 1500 fs. At each time, HD-detected SFG data were collected in the probe axis with an integration time of 5 s. The HD SFG signal was collected as a function of τ 1 , and the signal was Fourier-transformed to obtain a complex signal which was a function of two frequency variables, ω 1 and ω 3 . The zero timing of the τ 1 delay was set by the IR−IR autocorrelation. The phase of the ω 3 axis was set by dividing the sample response with the nonresonant response from gold and requiring the imaginary component of the nonlinear susceptibility to be zero far from the resonances, as previously described for HD SFG. 73 For each sample, the data were averaged over four 2D acquisitions, with the exception of anatase (101) which was an average of two. A series of waiting times, τ 2 , were collected by delaying the visible and IR probe pulses with respect to the stationary pump. The frequency resolution in the probe axis was 10 cm −1 as set by the visible upconversion pulse. The frequency resolution in the pump axis was 22 cm −1 as set by the step size and distance scanned between the pump pulses. The temporal resolution in τ 2 was 100 fs, determined by the third-order IR pump −IR probe −visible cross-correlation.
Ab Initio 2D SFG Spectra. The calculation of DFT 2D SFG spectra is based upon our previous work on simulations of one-dimensional (1D) SFG 7, 53, 54, 78 and involves the determination of the fourth-order molecular hyperpolarizabilities β ijklm (4) based on the following equation
where α ij and μ k (with i, j, k = a, b, c) are elements of the polarizability and dipole moment, respectively, in the molecular frame (see Figure 1 ) and Q q is the coordinate of the q-th vibrational normal mode. The subscripts q of Q q in eq 1 correspond to either the same or different vibrational mode depending on the specific excitation pathway 71 (see Supporting Information). Dipole moments and polarizabilities between the ground and first excited states are obtained by DFT calculations. We employ the harmonic approximation to obtain the transition parameters between the first and second excited states, that is, the ground to first excited state transition parameters are multiplied by 2 . All DFT calculations were performed using the Gaussian 09, Revision D.01, software package, 79 with the B3LYP hybrid functional 80 and the SDD basis sets 81 for Re and the 6-311+G(d) basis set for all nonmetal atoms. We employed the "tight" optimization criteria and ultrafine grid integration. The use of a different basis set for Re such as LANL2DZ 82 or CEP-121G 83 does not substantially change the transition dipole moments or polarizabilities. Therefore, we only show results for the SDD basis set.
The molecular response (eq 1) is rotated to the laboratory frame to obtain the fourth-order susceptibility, defined as follows
where R Ii represents elements of the (ZXZ) Euler rotation matrix that connect the molecular coordinate frame (with i, j, k, l, m = a, b, c) to the laboratory coordinate frame (with I, J, K, L, M = X, Y, Z) through the Euler angles θ, ψ, and ϕ (see Figure 1 ). 84 The angle brackets in eq 2 represent rotational averages over the molecular distribution of orientations. Two different distributions were considered for the azimuthal angle, including a δ-function distribution characterized by a fixed angle ϕ and a uniform distribution over configurations differing in Δϕ, where Δϕ = 10°, 45°, or 90°. The angle ψ was set to 0°for all calculations (see Supporting Information) because our previous studies found that the molecule binds in a bidentate mode to crystalline TiO 2 and does not rotate freely along the internal axis. 7, 53, 78 The peak intensity of the 2D SFG spectra is proportional to the ef fective susceptibility, given by the general form
where C(ω) are prefactors that depend on the beam incident angles, frequency, and light polarization. For all-p-polarized light, they take the form
where L are Fresnel factors of the interface and γ is the incident angle of the light pulse. We use the experimental incident beam angles (γ IR,1 = γ IR,2 = 55°, γ IR,3 = 65°, γ vis = 60°) and calculated the Fresnel factors 85, 86 using n air = 1, n TiO 2 = 2.52, 87, 88 and n interf = 1.62. 86 The final values of the prefactors C introduced by eq 4 are listed in Table S1 .
The final line shapes of the ab initio 2D SFG spectra were modeled by computing the pure absorptive spectra given by 
where R R and R NR are the rephasing and nonrephasing responses, respectively. The 2D vibrational responses were modeled using Bloch dynamics, 59 in which the rephasing response is given by
and the nonrephasing response is given by 
where T 2 and δΩ are the homogeneous and inhomogeneous broadening parameters, respectively. In this paper, we set T 2 = 1 ps and δΩ = 1 ps
. In the previous equations, R i represents one of the six generic excitation pathways for 2D SFG, shown in Figure S1 59 (13) where p and q represent fundamental states (i.e., |100>, |010>, |001>) and r represents overtones and combination bands (i.e., |110>, |101>, |011>, |200>, |020>, |002>). The frequency positions ω were obtained from DFT gas-phase anharmonic calculations of the Re(CO) 3 complex, using vibrational second-order perturbation theory VPT2 89, 90 as implemented in Gaussian 09 79 ("freq = anharmonic" keyword). All simulated spectra are normalized to the most intense peak and plotted with contour steps of 0.1 from −1 to +1. Waiting time τ 2 was set to zero for all DFT spectra.
■ RESULTS AND DISCUSSION
Fourier Transform IR Spectra. Figure 2 shows the Fourier transform infrared (FTIR) spectrum of the Re(dcbpy)-(CO) 3 Cl (dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) complex (abbreviated as Re(CO) 3 throughout this paper) for the spectral region corresponding to the three CO vibrational modes. The bulk FTIR spectrum was collected for a saturated solution of the catalyst in ethanol ( Figure 2 , black trace), characterized by two main bands. The lower frequency band at ∼1910 cm −1 results from a combination of the A′(2) antisymmetric stretch of axial versus equatorial CO ligands and the A″ antisymmetric stretch of the equatorial carbonyl ligands, whereas the higher frequency mode at ∼2025 cm
results from the A′(1) symmetric stretch involving all three carbonyl ligands. We note that the frequencies of the CO stretching modes are significantly blue-shifted and broadened when Re(CO) 3 is immobilized on TiO 2 nanoparticles ( Figure  2 , red trace). The spectra show a broad heterogeneous distribution of vibrational frequencies on nanocrystalline TiO 2 , suggesting a broad distribution of binding motifs with distinct environments or perhaps different aggregation states which could influence the degree of charge transfer from the catalyst to the TiO 2 .
68,91,92
Surface-Sensitive HD-Detected Measurements. We apply HD SFG spectroscopy to investigate the orientation of the Re(CO) 3 catalyst on crystalline and nanostructured TiO 2 surfaces. The overall orientation is important for the reaction mechanism because CO 2 binds to the Re center from solution and therefore must not be sterically hindered. The SFG signal has predominant contributions from the second-order susceptibility, χ (2) , which averages to zero when the catalyst has an isotropic distribution of orientations, as in the bulk media. Accordingly, the technique provides the vibrational spectra of interfacial species with submonolayer sensitivity. 93 Moreover, SFG provides complementary information when compared to IR-based methods because the SFG-active modes are both IR-and Raman-active. The conventional (homodyne) SFG signal lacks phase information because it is determined by the squared magnitude of the second-order susceptibility. HD detection using a reference field 94,95 allows us to recover the phase of the signal and improve the sensitivity of SFG to gain further information on the orientation of molecular probes. The imaginary part of χ (2) defines the absorptive response that can be directly compared to the FTIR and Raman spectra, whereas the real part defines the dispersive response. Figure 3 shows the imaginary part of the (HD) SFG spectra of Re(CO) 3 , with the positions of the bands in agreement with FTIR spectra (Figure 2 ). The sign of the peak with ppp polarization is determined by the projection of the hyperpolarizability tensor along the normal to the surface. 84 Opposite signs of the high-and low-frequency modes indicate that the transition dipole moments of the symmetric and asymmetric modes are oriented away and toward the surface, respectively. 7, 72, 73, 78, 96 Hence, the molecular orientation is perpendicular to the surface as expected for the complex anchored to TiO 2 through the carboxylate groups, consistent with SFG experiments of analogous Re(CO) 3 monolayers on TiO 2 and gold surfaces. 7, 53, 54, 73, 78 Although the spectra shown in Figure 3 exhibit opposite signs for the high-and low-frequency modes, the ratio of the The Journal of Physical Chemistry C Article two features is different for different TiO 2 surfaces. The SFG peak intensities are determined by the second-order susceptibility which depends on the orientation of the molecule on the surface. 84 Hence, different intensity ratios of high-and lowfrequency modes reflect differences in molecular orientation. In fact, a larger intensity ratio of the low-to-high frequency modes indicates an orientation farther away from the normal to the surface. 78 Broader features in the HD SFG spectrum indicate larger heterogeneity, just like in linear FTIR spectra. As seen in Figure 3 , the broader distribution corresponds to Re(CO) 3 on nanocrystalline TiO 2 . Therefore, nanocrystalline TiO 2 exhibits the largest heterogeneity. In contrast, all singlecrystalline surfaces have roughly the same intensity ratio of asymmetric and symmetric stretch bands, indicating that the catalyst exhibits a narrower range of orientations on crystalline surfaces and is oriented more normal to the surface. 7, 53 Note that the changes in the intensity ratio between symmetric and asymmetric modes could also be due to changes in the Raman tensor due to interactions with the surface. However, previous studies have suggested that the surface does not exert a significant influence on the transition dipole and polarizability tensors 53, 54, 78, 92 when Re(CO) 3 is oriented normal to the surface because the carbonyl groups do not have direct contact with TiO 2 in that configuration. We have tested this hypothesis by computing the influence of the TiO 2 surface on the dipole derivatives and polarizability for different orientations of the Re(CO) 3 catalyst (see Section S6 of Supporting Information). The analysis shows that for a wide range of orientations of the complex close to the normal (|θ| < ∼30°), a range that encloses the most stable orientations of the Re(CO) 3 complex on crystalline TiO 2 surfaces, 7,53 the influence of the interface on dipole/polarizability derivatives is small. Although we cannot discard the presence of configurations with the catalyst in close contact with the surface for the heterogenous nanocrystalline TiO 2 interface, these results allow us to primary ascribe the changes in intensity between the symmetric and antisymmetric modes observed in the SFG spectra only to changes in the relative angle of the catalyst relative to the surface.
Interferometric 2D SFG Spectra. Higher order spectroscopic techniques are complementary to linear spectroscopy and provide additional information because they separate contributions from inhomogeneous and homogeneous broadening and provide information on vibrational couplings. In particular, 2D SFG is a surface-specific fourth-order spectroscopy that provides vibrational and orientation information of molecules at interfaces, 70, 71 complementing other nonlinear techniques such as 2D IR 59, 60 or 2D ATR. 62, 63, 66 We focus on the 2D SFG spectra of Re(CO) 3 on nanocrystalline and crystalline TiO 2 surfaces to explore the spectroscopic response of the complex bound to different surfaces. Our recently developed implementation of interferometric 2D SFG provides a robust method that features high resolution in both frequency and temporal domains and exhibits high signal stability for molecular systems on transparent nonmetallic materials.
73
2D SFG can be performed with a narrow-band singleexcitation pump−probe scheme, 97, 98 scanned across the frequency range of interest while the transient SFG spectrum is recorded. The time and frequency resolution of the experiment is restricted by the time-bandwidth product of the pump pulse. Alternatively, an interferometric version that employs two broad-band excitation pulses can be performed with a pulse sequence shown in Figure 4 .
99−101 An interferogram in the recorded transient SFG spectrum is obtained by scanning the time delay between the two broadband pump pulses, τ 1 . The resulting interferogram is then Fourier-transformed to create the excitation axis with higher spectral and temporal resolution as set by the Fourier transform. Molecular dynamics can be monitored by varying the waiting time τ 2 between the pump and probe pulses. HD detection can be implemented in situ (for molecules bound to surfaces exhibiting a large nonresonant SFG response such as gold or crystalline quartz 94,102 ) or otherwise with an external LO 73, 95 to resolve the real and imaginary components of the signal without assuming a specific line shape. Figure 4 shows the 2D SFG spectra of the Re(CO) 3 complex on nanocrystalline TiO 2 , rutile (110) TiO 2 , rutile (001) TiO 2 , and anatase (101) TiO 2 with τ 2 = 0 ps. The spectra are rather complex, with more structural and dynamic information than the corresponding 1D SFG spectra (Figure 3 ). Along the diagonal (pump frequency equal to probe frequency), opposite signs are observed for the fundamental transitions of the vibrational modes when compared to the peaks in the 1D spectrum. These features result from the reduced absorbance (bleach) of the fundamental transitions due to the pump pulses and thus carry the opposite sign than in the HD SFG spectrum. Because the HD SFG spectrum has positive (high frequency) and negative (low frequency) peaks, the resulting bleach peaks along the diagonal in the 2D SFG spectrum exhibit negative and positive features, respectively. Hence, 2D SFG provides more information than bulk 2D IR experiments The Journal of Physical Chemistry C Article where all bleach features are negative because they are not sensitive to the absolute orientation of the molecule at the interface. Below each diagonal peak, there is a feature with opposite sign that corresponds to an induced absorbance from the ν = 1 level. The frequency difference between these peaks provides information on the anharmonicity of the vibrational modes.
As shown in Figure 4 , all 2D SFG spectra look qualitatively similar along the diagonal, consistent with FTIR and HD SFG spectra, with elongated antisymmetric peaks along the diagonal due to structural heterogeneity. The phase-twisted shape of the symmetric peak is likely due to improper phasing. Moreover, the elongated features suggest that inhomogeneous broadening is more significant than homogeneous broadening. Bulk 2D IR studies of TiO 2 nanoparticles have suggested that the heterogeneity could be partially due to aggregated molecules. 92 However, Figure 4 shows no substructure in the symmetric stretch band of the complex on single crystals that could indicate aggregation, such as distinct intensities at slightly different vibrational frequencies within the symmetric stretch region. 68 The cross-peaks exhibit the most significant differences when comparing the spectra of Re(CO) 3 on nanocrystalline and single-crystalline TiO 2 , reflecting differences in the anharmonic couplings between vibrational modes. 59 Furthermore, Figure 4 shows that the complex on nanocrystalline TiO 2 exhibits a cross-peak when probing the asymmetric stretch after excitation of the symmetric stretch, whereas no discernible cross-peak is observed when exciting and probing in reverse order. However, the opposite trend is observed for the complex on single crystals. In contrast, the bulk 2D IR spectrum with τ 2 = 0 ps exhibits cross-peaks with equal intensities in the two quadrants, with asymmetries at longer times reflecting energy relaxation. 59 In 2D SFG, the intensities of the cross-peaks can be asymmetric because of several effects, including differences in the two coupled modes that provide further information on the molecular structure. 103 The asymmetric intensities of cross-peaks in the 2D SFG spectra, compared to symmetric cross-peaks in 2D IR, can be understood in terms of differences in cross-sections and selection rules of 2D SFG. Figure 5 shows a schematic diagram of a 2D SFG spectrum for a system with two coupled vibrational modes with both diagonal and off-diagonal peaks. The excitation axis is generated by the interaction of the modes with two IR pulses and therefore involves two transition dipoles, μμ. On the other hand, the detection axis is produced by Raman transition dipole, αμ, via the interaction with visible and third IR pulses. Hence, the detection features of 2D SFG must be SFG (both IR and Raman)-active, whereas the excitation requires only IR activity through a change in the transition dipole. These requirements are different from those of 2D IR spectroscopy where all four interactions of the modes are with IR pulses, involving four dipole transitions μμμμ. Clearly, 2D SFG and 2D IR 59, 60 or 2D ATR 62,63,66 provide complementary information. Figure 5 shows that the intensity of each peak depends on the molecular interactions. Diagonal peaks are generated from interactions of one mode with the four pulses, whereas crosspeaks require that two modes interact with two pulses. Clearly, the cross-peaks are unequal if the corresponding diagonal peaks have different intensities. For example, when diagonal peak 1 is stronger than diagonal peak 2 due to a larger Raman transition, then, cross-peak 4 is larger than cross-peak 3. On the other hand, cross-peak 3 is stronger than cross-peak 4 when peak 1 is larger because of a larger dipole moment.
The HD spectra shown in Figure 3 indicate that the SFG peak of the symmetric stretch is stronger than the asymmetric stretch on single-crystalline TiO 2 (α 2 μ 2 > α 1 μ 1 ). Nevertheless, the IR intensities are similar (namely, μ 1 ≈ μ 2 ), according to the FTIR spectrum of the immobilized catalyst (Figure 2 ). Such a difference contributes to a stronger cross-peak in the upper left quadrant of the 2D SFG spectrum. The opposite cross-peak trend is expected for the 2D data of the complex on nanocrystalline TiO 2 because the HD SFG spectra of the nanocrystalline system display a stronger asymmetric stretch band when compared to the symmetric stretch (namely, α 2 μ 2 < α 1 μ 1 ). In fact, these trends are observed in Figure 4 , suggesting that the Raman and dipole transition strength differences likely contribute to both the uneven intensities of the cross-peaks and the lack of the upper cross-peak for the nanostructured surface, as observed within the signal-to-noise resolution of our experiments. We note that the absence of the lower frequency cross-peak for the single-crystalline surface is striking, particularly given the exceedingly strong upper cross-peak.
The above discussion is insightful although slightly oversimplified because the observed response arises from an average over an ensemble of molecular orientations. Furthermore, depending on the polarization of the pulses, different projections of the dipole moment and polarizability tensor contribute to the final spectrum. In this study, the IR and visible pulses are all p-polarized, so the obtained 2D SFG signals correspond to ppppp polarization. A p-polarized pulse interacts not only with the projection of the dipole moment or polarizability tensor normal to the surface (along the Z axis) but also with an in-plane projection (along the X axis). Hence, the final signal is a linear combination of different projections of the hyperpolarizability along the axis of the molecular frame. To understand the interplay between these different factors, we simulated the 2D SFG spectra of Re(CO) 3 based on DFT calculations of hyperpolarizabilities ( Figure 6 ). The analysis of the simulated spectra provides an understanding of the 2D SFG signals resulting from specific interactions and molecular orientations relative to the TiO 2 interface. The Journal of Physical Chemistry C Article Ab Initio 2D SFG Spectra. We computed the 2D SFG spectra of the Re(CO) 3 complex based on DFT hyperpolarizabilities. The calculated spectra provide insights on the origin of spectral changes induced by changes in the orientation of the complex relative to the TiO 2 surfaces. The methodology was built upon previous work on 1D SFG 51, 53, 54, 78 and 2D SFG, 71, 103 with details provided in the Experimental Section. Briefly, the calculations involve computation of the 243 elements of the fourth-order hyperpolarizability tensor β ijklm (4) at the DFT level. Subsequent rotation from the molecular to the laboratory frame (using Euler angles) provides the fourth-order susceptibility χ IJKLM (4) (see Experimental Section for more detail). The spectrum is obtained as a linear combination of different elements of χ (4) with coefficients that depend on the Fresnel factors of the interface and the incident angles of the beams. The simulations of 2D SFG spectra explicitly include the three CO modes with the anharmonic frequencies obtained by B3LYP/(SDD,6-311+G(d)) calculations. Figure 1 shows the optimized structure of the Re(CO) 3 complex, along with the definition of the molecular axes (a, b, c) and laboratory frame (X, Y, Z). Here, ϕ is the azimuthal angle describing the rotation of the molecule relative to the normal to the TiO 2 surface, whereas θ describes the tilt of the bipyridine plane relative to the normal. The twist angle ψ describes the rotation of the complex along the c-axis. For simplicity, the line shape of each transition is modeled using Bloch dynamics with both homogeneous and inhomogeneous broadening parameters of 1 ps. These parameters could be fitted to reproduce the experimental line shapes but were kept constant because our goal was only to explore trends in the line shapes of the 2D SFG spectra as determined by changes in the orientation of the complex relative to the TiO 2 surface. Figure 6 (top panel) shows the ab initio 2D SFG spectra of the Re(CO) 3 complex anchored to the surface through both carboxylate groups (ψ = 0°) and azimuthal angle ϕ = 90°as a function of the tilt angle θ (spectra for other azimuthal orientations are provided in the Supporting Information). The orientations shown in Figure 6 correspond to the most stable configuration, subject to the constraint of fixed θ as determined by DFT 53 with the bidentate binding motif energetically favored on crystalline TiO 2 surfaces. 51−53 The spectra include not only two diagonal bands but also two asymmetric crosspeaks with intensity ratios strongly modulated by the molecular orientation. As the molecule tilts, the upper diagonal peak is reduced, whereas the lower diagonal peak increases. The lower cross-peak can be very weak (or even absent) for an extended range of tilt angles θ around the surface normal, whereas the intensity of the upper cross-peak depends strongly on the orientation. We find that only very specific orientations reproduce the experimental pattern because small changes in the molecular orientation produce significant effects on both diagonal and cross-peaks, as determined by the higher sensitivity of the 2D response when compared to the 1D response. 71 Figure 6 shows that the DFT spectra are largely consistent with experiments, exhibiting an intense upper crosspeak and a very weak or absent lower cross-peak, when the molecule is perpendicular to the surface. Our results are also consistent with previous studies, suggesting that the complex binds to crystalline TiO 2 surfaces roughly normal perpendicular, with a tilt angle θ ranging from 0 to 30°. 51, 53 The agreement supports the DFT simulations as valuable tools for rigorous interpretation of 2D SFG spectra.
So far, we have limited the analysis to a predominant configuration of the azimuthal angle responsible for the response. However, multiple configurations likely contribute to the signal. 7 Therefore, it is necessary to perform an average of the susceptibility χ IJKLM (4) tensor over the distribution of thermal configurations (see Experimental Section). Figure 6 (bottom panel) shows the azimuthally-averaged SFG spectra of Re(CO) 3 with different tilt angles, assuming an isotropic distribution over configurations lying 10°apart (Δϕ = 10°). Azimuthally averaged spectra, consistent with the symmetry of rutile (001) TiO 2 and rutile (110) TiO 2 surfaces, are similar, as shown in Supporting Information. Figure 6 (bottom panel) shows that the main trends drawn from calculations based on a predominant configuration of the azimuthal angle also hold true for averages over wider distributions of orientations. The intense upper cross-peak and the missing lower cross-peak agree with experiments ( Figure 4 ) so long as the Re(CO) 3 complex is oriented normal to the surface (or close to the normal). The Journal of Physical Chemistry C Article We decomposed the overall response according to the various contributions from different χ (4) elements to gain insight into the origin of the spectral features. For the all-p polarization experiment (ppppp), the response results from a combination of different χ (4) tensor elements weighted by the Fresnel factors of the sample (see Experimental Section). On metal surfaces, where the Fresnel factor is strong in the Z direction, the ppppp spectra are dominated by the χ ZZZZZ element. 54, 96 Nevertheless, all of the (symmetry-allowed) elements contribute to the final line shape of adsorbates on TiO 2 (see Table S1 ). The transition dipole moment of the symmetric stretch projects mainly along the normal to the surface, whereas the asymmetric modes are almost perpendicular to the symmetric stretch. Therefore, different components of polarized light interact with different modes, giving rise to a distinct response. Figure 7 shows representative examples of individual contributions to the ppppp 2D SFG signal resulting from selected χ (4) elements. The right panels correspond to the χ (4) elements that provide a major contribution to the lower crosspeak. The signal is generated by the interaction of the IR pump pulse with the Z component of the symmetric stretch transition dipole moment, probing the transition dipole and polarizability parameters of the asymmetric stretch (see peak 4 in Figure 5 ). Because α XZ = α ZX , responses that "share" the same IR pulse sequence (e.g., XZXZZ and ZXXZZ polarizations) exhibit the same line shapes. Moreover, the responses shown in Figure 7 (right panels) interfere destructively with each other in the final ppppp spectra, producing a very small signal in the lower cross-peak region because the coefficients associated with light emitted in the X direction are comparable magnitude but opposite sign to those associated with the Z direction in the linear combination of elements of χ (4) ( Table  S1) .
For the upper cross-peak, the situation is just the opposite. Figure 7 (left panels) shows χ (4) elements that contribute to the upper region. These signals arise from pumping the asymmetric stretch via the X component of the transition dipole moment and probing elements of the high-frequency mode (see Figure 5) . Elements of χ (4) that have the same IR pulse sequences exhibit different responses because α XX ≠ α ZZ . More importantly, they exhibit constructive interference in the final absorptive spectra because of the sign of the linear coefficients, resulting in an intense upper cross-peak.
The overall conclusion that emerges from this analysis is, then, that destructive (constructive) interference between different elements of χ (4) suppresses (or enhance) the lower (or upper) cross-peak signal, as determined by the particular state of polarization of the light and the strength of the dipole transition and polarizability of each mode.
The destructive interference suppressing the lower crosspeak is determined by the specific linear combination of elements of the χ (4) tensor. Therefore, the spectra depend strongly on the type of polarization scheme used in the experiment. As a matter of fact, by changing the polarization of the pulses, it is possible to emphasize different types of signals and even eliminate diagonal peaks. 71 Figure 8 illustrates that observation by showing the calculated 2D SFG spectra predicted for other polarizations, including the comparison of ppppp, pppss, and psspp for the most stable configuration of the complex. The use of s-polarized IR pump pulses excites only modes with dipole moments parallel to the surfaces (asymmetric modes), whereas probing the system in the p polarization triggers responses from the symmetric mode, perpendicular to the asymmetric stretch. Hence, the pppss polarization enhances the signal for the upper cross-peak. On the other hand, probing in the s polarization and pumping in the p polarization with the psspp sequence enhances the lower cross-peak (Figure 8 ). Note that although the intensity of the signal is less intense than in the all-p spectrum (e.g., the ratio of intensities of ppppp/pppss/psspp spectra is 8:4:1), it should still be possible to measure the spectra with various polarization schemes with reasonable signal-to-noise ratio to obtain additional information on the couplings and dynamics of catalysts such as Re(CO) 3 on TiO 2 surfaces. We note in passing that the cross-peaks in Figure 8 appear at a different location for pppss and psspp in comparison to the cross-peaks of the ppppp polarization because in the former, only the A″ asymmetric mode is predominantly excited by the s-polarized IR field, whose frequency is slightly shifted from the one of the A′(2) asymmetric mode that is mostly excited in the ppppp experiment. Note that this feature, which can be already observed in the bottom panels of Figure 6 , is an artifact of the calculation because of the somewhat overestimated separation of the DFT frequency for the asymmetric stretching modes and is unlikely to be observed in experiments where the two asymmetric peaks are not resolved (see Figure 4) .
Vibrational Relaxation. Having analyzed the static properties of Re(CO) 3 on different TiO 2 surfaces, here, we characterize the dynamical behavior of the complex. In a 2D SFG experiment, the first two IR pulses "label" a particular vibrational mode by storing the frequency information in the pump axis, whereas the third IR and Vis pulses are used to "read out" the molecular frequency information reflected in the probe axis. Between the pump and probe pulses, the molecule fluctuates and the probe vibrational frequency evolves, accordingly. Therefore, by changing the delay time τ 2 between the pump IR pulses and the probe IR/vis pulses (see scheme of pulse sequence in Figure 4) , it is possible to follow the dynamical evolution of a particular probe vibration and obtain information of the vibrational relaxation pathway, spectral diffusion, and structural evolution. Figure 9 shows the 2D SFG spectra of Re(CO) 3 on nanocrystalline and single-crystal TiO 2 for waiting times τ 2 = 0, 5, and 10 ps. Multiple waiting times were not measured for the anatase (101) surface because the compound degraded over time under laser radiation. For the nanocrystalline surfaces, strong diagonal features decayed with increasing waiting time because of vibrational relaxation with a substructure that persisted at 5 ps likely due to structural heterogeneity. 73 For the crystalline surfaces, the spectra were qualitatively different. For rutile (110), the diagonal peak of the high-frequency symmetric mode relaxed within 5 ps, whereas the strong crosspeak with the antisymmetric modes decayed much more slowly and was still observed at 10 ps. The symmetric stretch decayed similarly on rutile (001), although more slowly than on rutile (110).
The vibrational relaxation timescale for the symmetric stretch mode of carbonyl is 18 ps on rutile (110) and 26 ps on the (001) surface as obtained by SFG pump−probe experiments. 75 The pump−probe signal at a given waiting time is obtained from a 2D SFG spectrum by integrating the spectrum along the excitation axis, thereby summing diagonal and off-diagonal features. 59 Normally, off-diagonal peaks are significantly weaker than diagonal peaks and pump−probe spectra are dominated by the diagonal features. Therefore, the observed relaxation dynamics in pump−probe experiments usually reflect the relaxation of the vibrational mode at the given frequency. Figure 9 shows that this is indeed the case for Re(CO) 3 on nanocrystalline TiO 2 . However, for singlecrystalline surfaces, the faster relaxation of the diagonal peak and the persistence of the cross-peak at 10 ps suggest that the cross-peak of pump−probe experiments is actually probing the longer vibrational relaxation of the lower frequency asymmetric modes. Such observation highlights the capabilities of 2D The Journal of Physical Chemistry C Article experiments to reveal previously obscured information, including vibrational relaxation timescales from pump−probe spectra.
The overall picture that emerges from our analysis of 2D SFG spectra is that the vibrational relaxation of the Re(CO) 3 catalyst on single-crystalline surfaces is dramatically different on single crystals or nanocrystalline surfaces. The bound catalyst exhibits a subpicosecond redistribution of the vibrational energy between the symmetric and asymmetric modes, which decay together on the tens of picosecond timescale. 56 The symmetric vibration of the catalyst on singlecrystalline surfaces relaxes unidirectionally within a few ps into the asymmetric mode that then decays on the tens of picosecond time scale. These observations reveal that the dynamical properties and vibrational couplings are very different on single-crystalline and nanostructured surfaces. Because the vibrational lifetime on the nanostructured surface is comparable to the delay between excitation and electron injection into TiO 2 , 29 the vibrational relaxation likely modulates the electron injection rate. Accordingly, changes in the vibrational relaxation dynamics likely influence charge injection and catalytic performance. Furthermore, the CO vibrational modes report on the electronic structure of the Re center. Therefore, the redox behavior of the catalyst is most likely different on single-crystalline and nanostructured surfaces.
The development of faceted nanostructures to increase conversion efficiency is a subject of great practical interest. 30−38 Catalysts bound on faceted surfaces are expected to exhibit similar behavior as when bound to single-crystalline surfaces. Therefore, our finding of different dynamical and structural properties of the catalyst on single-crystalline surfaces is relevant to the design of catalytic materials with faceted surfaces as well as for understanding the distinct catalytic performance exhibited by different faceted nanostructures. Furthermore, considering the structural similarities of the Re(CO) 3 catalyst and dyes commonly used in dyesensitized solar cells, we anticipated that the reported findings should also be valuable for understanding differences in solar photoconversion efficiencies as observed on various singlecrystalline surfaces.
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■ CONCLUSIONS
We have investigated the effect of different TiO 2 surfaces on the vibrational relaxation dynamics and binding mode of Re(CO) 3 catalysts by combining interferometric 2D SFG spectroscopy and DFT simulations of 2D SFG spectra. We find that the properties of the catalyst are quite different on singlecrystal TiO 2 surfaces when compared to a nanocrystalline TiO 2 system in terms of molecular orientation, vibrational relaxation dynamics, and vibrational coupling.
The analysis of the 2D spectra revealed a striking difference between single-crystal and nanocrystalline TiO 2 where different cross-peak patterns are observed. We found that for the crystalline surfaces, a cross-peak is observed when exciting the asymmetric stretch and probing the symmetric stretch, whereas no signal is detected in the reverse sequence. The opposite is observed for the nanoparticle surface. By comparing experimental and DFT-based 2D SFG spectra and decomposing the ab initio spectra into the different elements contributing to the complex signal, we found that the origin of spectroscopic differences can be traced back to the ordered nature of the catalyst bound to single-crystalline surfaces, resulting in destructive interference between certain χ (4) elements due to the all-p polarization scheme and the strength of the correlation between the transition dipole and polarizability for each mode of the catalyst oriented normal to the surface.
We have analyzed the dynamical behavior of the catalyst on rutile (110) by monitoring the vibrational energy in the A′ (1) mode that relaxes rather quickly (within 5 ps) by energy transfer to the low-frequency modes. The symmetric mode also decays quickly on rutile (001) in contrast to the much slower relaxation dynamics observed on nanocrystalline TiO 2 , comparable to the relaxation dynamics of the catalyst in the bulk solution. The difference is likely due to the stronger vibrational coupling of ordered monolayers on singlecrystalline surfaces when compared to the corresponding couplings for the complex on nanocrystalline TiO 2 . Therefore, we conclude that Re(CO) 3 exhibits distinct structural and dynamical properties when bound to TiO 2 single crystals or nanostructured surfaces, likely due to distinct molecular arrangements on different surfaces. Although the catalyst forms a disordered film on nanocrystalline TiO 2 , an ordered film is formed on single crystals, as evident from the cross-peak pattern in the 2D SFG spectra, leading to distinct vibrational relaxation pathways.
We anticipate that the observed differences in relaxation dynamics could correlate with different efficiencies of catalytic functionality. In particular, the rutile (110) surface should be better than rutile (001) for catalytic reactions where the TiO 2 surface functions as an electron sink after vibrational relaxation. The anatase (101) surface should exhibit intermediate performance, less effective than rutile (110). In addition, the carbonyl ligands modulate the redox properties of the Re center through π back-bonding interactions, and therefore, differences in CO vibrational relaxation are expected to have an influence on the catalytic cycle of CO 2 reduction.
Understanding the distinct environment surrounding the Re(CO) 3 catalyst bound to different surfaces is particularly valuable for the design and optimization of catalytic materials. In particular, for catalysts with faceted nanostructures of high surface area of great current interest for enhanced performance. Catalysts bound to faceted nanostructures will likely exhibit properties similar to those of single-crystalline surfaces. According to our findings, colloidal nanostructured surfaces are not sufficiently a good model of emerging faceted nanostructures for the solar energy conversion. More realistic models of faceted nanostructures are catalysts bound to single-crystalline surfaces. Those models can be readily explored by interferometric 2D SFG spectroscopy combined with DFT simulations, a powerful combination that provides unique structural and dynamic information of catalytic monolayers.
■ ASSOCIATED CONTENT
* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpcc.8b08423.
Optimized coordinates, dipoles derivatives, and polarizabilities derivatives of the Re(CO) 3 complex used for the calculation of ab initio 2D SFG spectra (PDF)
